Marked variation in hepatocellular vacuolization was present in New Zealand white rabbits used as controls in 28-day and 9 1-day percutaneous studies conducted at 5 different laboratories. Vacuoles in hepatocytes of alcohol-fixed and formalin-fixed livers contained periodic acid-Schiff (PAS)-positive material which was removed with diastase digestion, indicating the presence of glycogen. The magnitude of hepatocyte vacuolization was subjectively assessed by light microscopy using Shistologic grades. Quantitative measurements of hepatocyte perimeter and lobule radius for representative liver sections of each histologic grade corroborated the different grades used. Factors associated significantly with the degree of vacuolization were sex (females were affected more severely than males), body weight, relative liver weight, and the laboratory conducting the study. Also apparent were variations in mean severity of hepatocyte vacuolization between studies conducted at the same laboratory, and variation in severity of vacuolization within individual studies. Duration of the study and season had no significant association with the degree of vacuolization. Marked variation of hepatocellular vacuolization due to glycogen accumulation must be recognized when evaluating results of toxicity testing in rabbits.
INTRODUCTION
Hepatocellular vacuolization has been recognized by the authors in rabbits used as controls for product safety evaluation. These variations had been observed to occur not only across studies, but within individual studies. The variations in vacuolization were believed to be due to differences in hepatocellular glycogen content unrelated to the administration of placebo compounds. The objectives of this study were 1) to define the content of vacuoles present within hepatocytes, 2) to semiquantitatively and quantitatively determine the variation in extent of hepatocellular vacuolization, and 3) to correlate the degree of hepatocellular vacuolization in rabbits used as controls in 28-day and 9 1 -day percutaneous toxicity studies with sex, body weight, relative liver weight, duration of study, season, and laboratory conducting the study. bits used as controls in 29 studies from 5 laboratories. Necropsies for these studies were conducted from 1979 through 1985. Included were 157 rabbits from 16 28-day percutaneous studies and 130 rabbits from 13 9 1-day percutaneous studies. Vehicle alone was applied to the skin of control rabbits in percutaneous studies. In none of the studies was the vehicle alone determined to have a toxic effect. Rabbits from all 5 laboratories were fed Purina Rabbit Chow and Charles River Rabbit Chow (used in Laboratory D for 91-day studies only) ad libittiin, and were not fasted during the studies. All rabbits were housed singly in wire cages under standard laboratory environmental conditions. Control and test rabbits in each percutaneous study were killed in a random order. The terminal body weight for each rabbit was determined just prior to euthanasia. Euthanasia was performed routinely by exsanguination after induction of deep anesthesia with sodium pentobarbital, except for study 9 (28-day) at Laboratory C, where T-61 was used to induce anesthesia. At Laboratories A, C, and D, one-half the rabbits were killed in the morning and one-half in the afternoon. At Laboratories B and E, all rabbits were killed in the morning. Liver weights were recorded and complete necropsies were performed immediately after death. 360 
H&E.
Histologic sections were prepared from liver retrieved from tissue stored in formalin from each rabbit and were stained routinely with hematoxylin and eosin (H&E). All sections were cut in 1 laboratory; standardized procedures used by that laboratory were used to prepare all sections. Selected liver sections were either stained with periodic acidSchiff (PAS) with and without diastase digestion for glycogen or post-fixed in osmium (48-hour postfixation and sectioned at 2 microns for mounting) to determine the presence of lipid in hepatocytes.
Adjacent sections were used when comparing H&E and PAS sections. Livers from 7 naive rabbits which were not part of the retrospective study were fixed in 100% alcohol (to better preserve glycogen) and stained as described above.
Two independent evaluations of all H&E-stained liver sections were made at l o x by 1 pathologist. The pathologist was aware of groupings of rabbits, but had no knowledge of individual characteristics of rabbits, of their laboratory of origin, or the duration of studies. Sections were evaluated for degree of hepatocellular vacuolization based on overall appearance, combining extent of lobular involvement and magnitude ofcell vacuolization. Livers in which vacuolization was not present were given a grade of Fig. 1) . Minimal changes characterized by small intracytoplasmic vacuoles with no apparent increase in cell size with a variable lobular distribution were graded 1 (Fig. 2) . Mildly affected livers contained hepatocytes with vacuoles larger than those in grade 1 but with a minimal increase in cell size and a variable lobular distribution were graded 2 (Fig. 3) . A moderately affected liver (grade 3) was characterized by hepatocytes containing prominent vacuoles and a conspicuous increase in cell size distributed over at least 50-75% of lobules (Fig. 4) . A markedly affected liver (grade 4) contained severe hepatocellular vacuolization and swelling distnbuted over at least 50-75% of lobules (Fig. 5) . A mean and standard deviation were computed from values of the independent evaluations.
(
Area and perimeter of individual hepatocytes and the radius of lobules were evaluated morphometrically using a Zeiss Interactive Digital Analysis System (ZIDAS) for image analysis (Carl Zeiss, Inc., the center of a central vein and an associated portal triad, was measured for 10 randomly selected lobules from each section. Mean, standard deviation, and 1-way analysis of variance (7) for these data were computed using the SASB system (6).
Mean grades of hepatocellular vacuolization were analyzed statistically to see if they correlated with either sex, body weight, relative liver weight, duration of study, season, or laboratory conducting the study. The statistical technique employed was multiple regression analysis with dummy variables being used to represent factors other than body weight and relative liver weight (3). The regression analysis included not only the main effect of each factor but also a test for the interaction of each factor with study duration. Adjusted means were calculated (4) to determine the effects of statistically significant factors. These means correct for the imbalance in sample size across the different factors and predict the means that would have been expected had the study been balanced. All of these analyses were performed using the general linear models procedure of the SAS system (6).
RESULTS
Hepatocyte vacuolization occurred in 90.5% (142/ 157) ofthe rabbits from the 28-day studies and 93.1% Table I ). The mean grade of vacuolization for 13 control groups of 9 1 -day studies was 2.3 2 1.1 with a range of 1.4 i-0.88 to 3.3 i-1.2 (Table 11) . Vacuoles seen in H&E-stained hepatocytes were PAS-positive, but were negative for lipid after post-fixation in osmium tetroxide. Liver sections stained with PAS-positive material and subsequently subjected to diastase digestion no longer contained PAS-positive material. Livers fixed in alcohol and stained with PAS appeared similar to formalin-fixed liver and diastase digestion removed PAS-positive material from vacuoles.
There were correlations between the mean grade of vacuolization and sex, laboratory conducting the study, body weight, and relative liver weight (Tables  111, IV) . The mean grade of hepatocellular vacuolization for male rabbits (2.3) was less than that for female rabbits (2.6) (p = 0.001 1). For the 5 different laboratories conducting the studies (A through E), rabbits from Laboratories A and B had less hepatocellular vacuolization than rabbits from Laboratories D and E. Rabbits from Laboratory Chad less vacuolization than Laboratory E rabbits. Variation also existed in the mean severity of hepatocyte vacuolization between studies conducted at the same laboratory, and within individual studies as evidenced by the wide standard deviations (Tables I,  11 ). Selected laboratory environmental factors (e.g., type of feed and matting used beneath cages), methods of restraint, and techniques for application of placebos (e.g., abrasion of skin and/or application of water, oil, or other vehicle) had no apparent relation to magnitude of hepatocellular vacuolization grades. In general, the source of rabbits was different for different laboratories. In only 1 instance was the same source used by 2 different laboratories. Thus, the correlation of laboratory with hepatocellular vacuolization could reflect the different sources of rabbits.
The mean body weight offemale rabbits was 3,701 grams with the liver accounting for 1 16 grams (approximately 3.1% of body weight). By comparison, the mean body weight of male rabbits was 3,490 grams with the liver weighing 69 grams (approximately 2% of body weight). As body weight of the rabbits of both sexes increased, the degree of hepatocellular vacuolization increased. The same pattern was found with relative liver weight (liver weighthody weight) compared to grade of hepatocellular vacuolization (Table IV) . Season and study duration did not correlate with the grade of hepatocellular vacuolization ( p > 0.05). There were not interactions of study duration with sex, body weight, relative liver weight, and laboratory conducting the study.
Area and perimeter of individual hepatocytes and radius of lobule were compared in livers with different grades of vacuolization (Table V) . There was a significant increase in hepatocellular perimeter for grades 1 and 2 compared to grade 0. Hepatocellular perimeters for grades 3 and 4 were not different when compared to one another, but were increased when compared to grades 0, 1, and 2. Evaluation of hepatocyte area revealed no difference between vacuolization grades 1 and 2 and no differences between grades 3 and 4; however, both groups (grades 1 and 2; 3 and 4) were significantly different when compared to each other and to grade 0. Evaluation of lobule radius revealed no significant differences for grades 0 through 3, but grade 4 was significantly increased as compared to grades 0 through 3.
DISCUSSION
Hepatocellular vacuolization was a commonfinding in rabbits used as controls in 28-day and 9 1-day percutaneous studies. Factors having significant correlation with the degree of vacuolization were sex, body weight, relative liver weight, and laboratory conducting the study. The data also revealed variation in mean seventy of hepatocyte vacuolization between studies conducted at the same laboratory and variations within individual studies.
Female rabbits were found to have higher body weights and relative liver weight than males. They also had significantly increased hepatocellular vacuolization. However, sex cannot explain the correlation of increased vacuolization with liver weight or body weight because these 2 factors were adjusted for each other and the other variables considered in this study prior to testing for significance. Time of euthanasia was a possible confounding variable among laboratories in this retrospective study. While 3 laboratories (A, C, and D) killed rabbits in the mornings and the afternoons, 2 other laboratories (B and E) only euthanized rabbits in the mornings. However, Laboratory A rabbits were significantly different than Laboratory D rabbits, and Laboratory B rabbits were significantly different than Laboratory E rabbits with respect to vacuolar degeneration, even though their respective sacrifice schedules were the same. This suggests that time of euthanasia had little bearing on degree of vacuolar change.
Hepatocellular vacuoles in formalin-fixed livers were interpreted to contain glycogen because their contents stained positive with PAS and the positive staining was removed following diastase digestion. Surprisingly, histologic sections made from livers that had been stored in formalin for years were as intensely PAS-positive as "fresh" livers from naive rabbits which were fixed in alcohol for preservation of glycogen. The vacuoles did not stain black following post-fixation with osmium tetroxide suggesting an absence of lipid.
Statistical analyses on morphometric evaluations of hepatocyte perimeter and lobule radius of selected liver sections representative of each histologic grade corroborated the subjective criteria used in assigning each of the 5 histologic grades. Hepatocyte perimeter confirmed the existence of differences among grades 0, 1, and 2. Although grades 3 and 4 could not be distinguished from one another, their hepatocyte perimeters were significantly increased when compared to other grades. Grade 3 could be distinguished from grade 4 by the lobule -radius. Hepatocyte area was less helpful amongst grades, since there were no significant differences between grades 1 and 2 or between grades 3 and 4. Although no single parameter permitted the distinction made by subjective grading alone, by measuring hepatocyte perimeter and lobule radius all 5 grades could be distinguished from one another. Therefore, for both subjective grading and quantification, individual cell parameters permitted distinction of grades 0 through 3, and only by looking beyond the individual cells to involvement ofthe lobule could grades 3 and 4 be distinguished from one another. The cause of the variable accumulation of glycogen in the liver of control rabbits is unknown. Other investigators using rabbit models for corticosteroid-induced hepatic injury have observed vacuolar changes in hepatocytes and increased liver weights, both of which have been attributed to glycogen accumulation after steroid administration (1, 2, 5). Stress factors that could mimic exogenous steroid administration were not evident in the studies reviewed.
Fasting of rabbits for 12 to 24 hours prior to and up to 72 hours after steroid administration has been reported to diminish glycogen accumulation and to reduce the gain in liver weight (2) . The rabbits evaluated in our study were fed ad libittiin up until the time of sacrifice. Such free access to food may have provided opportunity for increased body weight and relative liver weight, both of which correlated significantly with increased hepatocellular vacuolizap < 0.001 tion. Experiments evaluating the relationships between sex, food intake, and glycogen accumulation are currently in progress under more controlled conditions. Normal variation in hepatocellular .vatuolization between and within studies due to glycogen accumulation must be recognized when evaluating results of toxicity testing in rabbits.
